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INTRODUCTION. 
The fact that the amount of crossing over may change with the age 
of the female was first observed in connection with linkage studies on 
the second chromosome (Bridges,  1915).  It was found that the off- 
spring from second 10-day periods of laying showed less recombination 
of the linked characters than did the offspring of the first 10-day broods 
from the same mothers.  The average decrease in amount of recom- 
bination was roughly 20 per cent.  The decrease for the region near 
the middle of the map was greater than the decreases for the distal 
regions.  This peculiarity was one of the first noted with respect  to 
the  mid-region  of  an  autosome  and  was  presently  referred  to  the 
median attachment of the spindle fiber.  Two variables were distin- 
guished; first, change in the relative ease of occurrence of crossing over 
in a  given region,  and second,  change in the relative spacing of the 
crossovers that do occur.  These two factors have been called "coeffi- 
cient  of  crossing  over"  and  "internode length."  It was  seen  that 
changes in the internode length should affect the proportionate num- 
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ber of double crossovers.  The relative frequency of double crossovers 
was studied by means of the "coincidence" index, which is  the ratio 
of the observed percentage of doubles to the percentage expected on 
random distribution.  The coincidence index is  the reciprocal of the 
earlier "interference" index of Muller and has proved more generally 
useful.  The data suggested that the average internode had changed 
concomitantly with the change in crossing over. 
In studying the effect of differences in temperature on crossing over 
in  the second chromosome, Plough divided egg-laying into 2-day pe- 
riods and was thus able to follow the course of changes in crossing over 
more accurately than is possible by 10-day periods (Plough, 1917-18). 
According to his c6ntrol experiments, recombination showed an initial 
high value,  then a  slow fall that  reached its minimum at  about  the 
12th  day.  A  second high value was reached at  about the 20th  day 
and a second minimum at about the 30th day. 
Plough applied the same method of 2-day cultures in studying the 
effects of differences in temperature and age on the third chromosome 
(Plough,  1921).  He  found that  the sections from sepia  to  Dich~ete 
and from Dich~ete to spineless showed marked effects of  temperature 
changes and  somewhat less  effects of age  differences.  The  sections 
from spineless to sooty and from sooty to rough  showed very slight 
effects from either agent. 
IIIple and Alternated IIIple. 
Stocks satisfactory for any precise study of the effects of age upon 
simple and multiple crossing over in the third chromosome were not 
available until after the discovery of the mutants scarlet, hairy, and 
roughoid, which could be used with  the previously known mutants 
Dich~ete, peach,  spineless, and sooty, to  cover the left end and mid- 
region of the third chromosome.  For the best use of several mutants 
simultaneously  in  linkage  experiments  three  stocks  are  required; 
viz.,  the multiple recessive and two stocks which give, when  crossed, 
the multiple heterozygote with alternated placement of the mutants. 
The multiple recessive required in this case was roughoid hairy scar- 
let peach spineless sooty, a  stock that  has been  called IIIple  (third- 
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heterozygote were respectively roughoid scarlet peach sooty and hairy 
Dicha~te spineless.  The F1  alternated heterozygote would then  be: 
ru  st  pp  e s 
h  D  ss 
The  special  advantage  of  such  an  alternated  heterozygote  for 
backcrossing  is  that  it  distributes  the  mutant  characters  with  a 
maximum of uniformity to the flies that appear, for nearly all of  the 
flies receive either four or three mutant characters.  Where there is 
little difference in the viability of the different mutants, as is the case 
with the seven used here, the lowering of the viability of a fly depends 
upon the number of mutants carried rather than upon which mutants 
are  carried.  In  the  alternated backcross  the inviability  effects  are 
distributed  uniformly and  the  classes  that  appear  are  more  nearly 
proportional to the original gametic classes than with any other type 
of backcross. 
The First Experiment. 
The  three  stocks  described  above  were  prepared  during  1920, 
and an experiment was started in January, 1921.  Multiple heterozy- 
gous  full sister females were mated to multiple recessive males  and 
each pair was  transferred to  a  fresh culture vial every 2  days.  As 
soon as the offspring began to emerge in the tubes it was apparent that 
the results differed in two respects from expectation: first, the mutant 
hairy had been omitted through an undetected cross'rag over in one of 
the final steps in the preparation of the PI stocks; second, the locus of 
scarlet  turned out  to  be  between Dich~ete and peach, instead of be- 
tween hairy and Dichrete.  The orientation of the genes in the hetero- 
zygote was then actually as follows: 
ru  st  pP  e s 
D  ss 
(1)  (2)  (3)  (4)  (5) 
Nevertheless it  was  decided to  complete the  counts  and  later  to 
carry  out  a  strictly  alternated  experiment.  The  two  experiments 
would supplement and check each other. 
An examination of the classes of offspring in the completed counts 692  CROSSING OVER IN  DROSOPHILA MELANOGASTER 
showed  that  the  complementary  classes  were  substantially  equal 
throughout.  Thus  the  totals  for  the  two  original  combination 
classes  were:  ru  st  pp  e'  =  2247;  D  ss  =  2180.  Complementary 
classes could be combined.  All tube cultures having the same age of 
parents were added  together.  The percentages of recombination for 
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Fro.  1.  Curves showing  the relation between age of mothers (abscissae) and 
amount of recombination (ordinates)  of third-chromosome  characters in Experi- 
ment 1. 
each of the five crosslng-over sections were calculated for each  2-day 
group, and are given in the form of curves in Fig.  1, with a percentage 
scale just outside  the left margin.  The total recombination  (sum of 
the five separate percentages)  is also given with a  separate scale just 
inside  the left margin.  The tables of data on this and the following CALVIN  B.  BRIDGES  693 
experiment  are  so  bulky  that  they  are  being  reserved  for  future 
publication. 
The weight to be attached to the differTTent parts of the system of 
curves varies  considerably.  A  customary statistical  index  of  relia- 
bility is the reciprocal of the standard error:  1/~¢/pq/N  =  %/N/pq. 
That is,  the reliability of the points in Fig.  1 varies with the square 
root of the number of individuals on  which the  determinations  are 
based (total individuals given across top of figure). 
Seven mothers were used in the experiment and all remained alive 
through the 16th day, but it is probable that the females became in- 
creasingly  diversified  in  physiological  age  as  they  approached  the 
point at which they began to die.  Most reliance may accordingly be 
placed on the curves between the 3rd and 14th days. 
Inspection  of  the  curves shows  that  total  recombination gave  an 
initial high value  (78.7)  followed by a  rapid decrease to  a  minimum 
value at about the 10th day.  There was then a sharp inflection with a 
slower  rise.  Each  of  the  separate  recombination  curves  likewise 
showed an initial high value and a  gradual decrease to a  minimum. 
The proportionate amount of the decrease from the initial high value to 
the minimum was markedly different for the different sections of the 
chromosome.  Beyond the 16th day the course of the curves became 
increasingly diversified, probably with little significance.  A striking 
appearance was  made by  the st  p  curve, which mounted from a low 
value of 1.3 to a  high value of 21  at the end of the experiment. 
Further discussion of the data of Experiment 1 will be deferred until 
Experiment 2 can be used for comparison. 
The Second Experiment. 
The discovery that the locus of scarlet is between Dich~te and peach 
required that the PI stocks be recast to give the following heterozygote: 
ru  D  pP  e e 
h  st  ss 
(I)  (2)  (3)  (4)  (5)  (6) 
In carrying out the second backcross experiment  (March,  1921) 
two slight  changes in procedure were made: Since  females  ordinarily 694  CROSSING  OVER  IN  DROSOPI:IILA  MELANOGASTER 
lay no  eggs on  the  1st  day after emergence,  the pairs were left for 
3 days in the first set of culture tubes.  The amount of banana agar 
media per tube was increased to a depth of 1.3 inches before slanting. 
In the offspring, the complementary classes were even more nearly 
equal  than  in  the  first  experiment  and  were  accordingly  combined 
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FIo.  2.  Curves  showing  the  relation  between  age  of  mothers  (abscissm)  and 
amount  of recombination  (ordinates)  of third-chromosome characters  in Experi- 
ment 2. 
(0,  ru D  pp e  °  --  4234;  h  st  ss  --  4239).  The  eight progenies were 
derived from full sisters and were seemingly of a  single  type making 
it permissible to add together all tube cultures whose parents were of 
the  same  age.  The percentages of recombination for each crossing- 
over section, and their total, are given in the curves of Fig. 2.  For CALVIN  B.  BRIDGES  695 
comparison with Fig.  1  a  curve  of roughoid  I)ich~ete  recombination 
(disregarding hairy) has been added. 
The reliability of the curves of the second experiment is greater than 
that of the first, since the distribution of mortality was more uniform; 
an  additional  locus  (hairy)  was  followed;  eight  instead  of  seven 
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Fro. 3.  The lower broken line  (ru e) is the smoothed curve of the percentages 
of multiple crossing over for the entire length of chromosome followed in Experi- 
ment 2.  The lighter continuous lines are the percentages of crossovers occurring in 
multiples for each of the sections followed.  The upper heavy broken line (with 
special scale) is the smoothed curve of average internode length. 
mothers were used; these mothers lived longer; and the productivity 
was greater (averaging 1950 per female). 
Inspection of the smoothed curves of Fig. 2  shows that the sum of 696  CROSSING  OVER  IN  DROSOPHILA  MELANOGASTER 
the  separate  percentages  of  recombination  started  high  (71.7)  and 
declined  rapidly to a  minimum at  11  days.  A  second maximum was 
reached  at  about  the  19th  day  and  a  second  minimum on  the  24th 
day. 
Of the  separate  curves  of recombination, those for ru h,  D  st, st p, 
and  p  ss  showed  courses  similar  in  form  to  the  curve  for  total  re- 
combination, but differed  from  it and from  each other in the times at 
which  the  inflection  occurred,  and  especially in  the  relative  amoufit 
of change.  Two curves, h  D  and ss e  (and also ru D)  differed in that 
the  first  drop  did  not  begin  until  the  5th  or  6th  day,  but  was  then 
more rapid, reaching the minimum as soon as the other curves.  These 
differences in  type of curve and in  the  times  at which  the  inflections 
occur show that the factors determining the changes are not the same 
for the  different  sections  of the  chromosome. 
In  amount  of  decrease,  expressed  as  the  percentage  difference 
between  the  initial  high  and  first  minimum, the order of  the sections 
was as follows: 
Section 
st  pP  ........... 
p,  ss  .....  , ....... 
D st ............ 
Total ........... 
hD ............ 
ss  e • ............ 
ru  D  ........... 
ru h ............ 
Secondexperhnent 
5.6  --  0.5  -~  5.1 
13.4-  4.2  ~  9.2 
1.7  --  0.6  --  1.1 
71.7  --  45.7  ~  26.0 
12.7  --  8.4  ~  4.3 
12.8  --  8.8  -~  4.0 
36.1  --  29.8  ~  6.3 
25.6  --  21.2  ~  4.4 
Second 
experiment 
~er cent 
91 
69 
65 
36 
34 
31 
17 
17 
First 
experiment 
:Oer cent 
81 
62 
52 
36 
37 
21 
n 
Average 
decrease 
per cent 
86 
66 
59 
36 
34 
34 
19 
17 
The sedation, in the second experiment was the same as in the first, 
and  the values agreed well.  The significant  feature  of  this  seriation 
is that the greatest change occurred at the mid-region of the chromo- 
some.  There  are  reasons  for  believing  that  the  attachment  of  the 
spindle fiber is between  the locl for scarlet and peach,  and it was this 
particular  section  that  gave the  greatest  change  (86  per  cent).  The 
sections immediately to the right of the mid-section (viz.  pp  ss)  and to 
the  left  (v/z.  D  st)  were  also  affected greatly and  to  about  the  same CALVIN  B.  BRIDGES  697 
extent  (66  and  59  per  cent  respectively).  The  second  sections  (ss 
e  ° to  the right and h  D  to  the left)  were each affected to  the same 
extent and only about half as much (34 and 34 per cent) as were the 
first  sections.  Finally,  the  section farthest  removed (ru  h)  showed 
least change (17 per cent). 
It should also be noted that the curves for recombination change in 
the symmetrically placed  second  sections  h  D  and  ss  e  paralleled 
each other strikingly and differed in their form from the others (see 
Fig. 2). 
The fact that  the  curves for the percentage of recombination for 
given sections in Experiments 1 and 2 were not strikingly similar in 
the most reliable portions and were quite dissimilar in  the  later  but 
less reliable portions, makes it clear that further work is required be- 
fore statements with general validity can be made.  It should be noted 
that the mothers of Experiment 2 differed from those of Experiment 1 
in important factors affecting the physiological age.  This is apparent 
in  the fact  that  they lived nearly twice as  long and produced eggs 
at a higher rate. 
Multiple Crossing Over. 
A  reduction in the total amount of recombination for a  given sec- 
tion  must  be  brought  about  primarily by  a  change in  the  relative 
ease of occurrence of crossing over, that is in the "coefficient of crossing 
over."  However, there might occur a  change in the spatial distribu- 
tion  of  crossovers  that  is  independent of  the  change  in  total  fie- 
quency.  Such a change in the spatial distribution of crossovers may 
be  detected  through  changes  in  the  relative  frequency of multiple 
crossing over.  A  study of the coincidences was made from the data 
of the second experiment.  The curves of change in coincidence were 
found to be roughly parallel to the curves for change in recombination, 
and were not straight horizontal lines.  This fact shows that the rela- 
tive ease of occurrence of multiple crossing over was changing in addi- 
tion to the change in coefficients of crossing over. 
Since there was great variability in the curves for coincidence and 
considerable  smoothing was  required  to  show  the  trends,  a  second 
method of expression was devised.  This method is particularly useful 
where  the  data  cover a  relatively large part  of  a  chromosome  A 698  CROSSING  OVER IN DROSOPHILA M:ELANOGASTER 
measure of the ease of formation of multiples,  that is of the  average 
space  occupied by multiples,  is  found  in  the  percentage  number  of 
crossovers that  occur in  company with  another  crossover  elsewhere. 
Thus, for the first set of tube cultures there was a  total of 525  cross- 
overs recorded for the total length of chromosome followed (ru  to  e). 
Of these, 202, or 38.5 per cent, occurred in multiples, while 323 or 61.5 
per cent, were single crossovers.  (See the lower heavy broken curve 
of Fig.  3.)  In the data for the second set of tubes the percentage of 
crossovers occurring in multiples fell to 33.9, indicating  an increase in 
internode length.  The course of the curve of percentage of crossovers 
that  are  in  multiples  shows  that  the  internode  length  was  varying 
continually.  The variations in internode length were correlated with 
the variations in total crossing over, as is evident from the parallelism 
of the  rue  curve of Fig.  3  and  the  curve for the total of recombina- 
tions in Fig. 2. 
A  third method of examining the relative ease of formation of mul- 
tiples is by means of graphs made from the percentages of the cross- 
overs in a  given section that  are also crossovers elsewhere within  the 
total  region  examined.  Thus,  in  the  second  experiment  there  were 
recorded a  total of 187  crossovers within  the  section  from  roughoid 
to  hairy.  Of these,  122  were  simple  crossovers and  65,  or  34.8  per 
cent, were crossovers that were co~cident with crossing over elsewhere 
within the chromosome.  In the set of subcultures whose class center 
was at  10 days, there were 281  crossovers in the roughoid hairy sec- 
tion, of which 34 or 12 per cent, were in multiples (see ru h  graph  in 
Fig. 3).  A marked decrease in the relative numbers of multiples had 
occurred  in  the  course  of  10  days.  The  whole  course  of  the  ruh 
curvo is roughly W-shaped,  and so also are the curves for percentage 
of crossovers occurring in multiples for each of the other sections cal- 
culated.  Comparison  of these  curves with the  corresponding  curves 
of recombination (Fig. 2)  shows that they are roughly parallel. 
A fourth method, and the most precise, of studying the variation in 
the average length  of internode  is to  calculate the average length of 
internode in terms of map units for each of the age periods of the data. 
The map used as the basis in the  calculations  for the second experi- 
ment  was  that  corresponding  to  the  total  flies produced  by  all  the 
subcultures.  The distances of this map are:  1,  ruh  =  22.4;  2,  h  D CALVIN B. BRIDGES  699 
=  10.3;  3,  D  st  =  1.0;  4,  st  p  =  1.7;  5,  p  ss  =  5.9;  6,  ss  e  =  11.0. 
The average length of any 1, 2 double was taken, somewhat arbitrarily, 
as half of 22.4  -b half of 10.3, or !6.4.  The longest doubles detectable 
in the experiment were the 1, 6 doubles which were taken as half 22.4 
-}-  10.3 q-  1.0  -b  1.7  -b  5.9  -b  half of  ll.0,  or 35.6.  The shortest 
doubles detectable were the 3,  4  doubles  (half of  1.0  q- half of  1.7, 
or  1.4)  and the 4,  5  doubles  (half of  1.7  q-  half of 5.9, or 3.8).  To 
find the average internode corresponding to each age period the ob- 
served number of each kind of double was multiplied by the average 
length of the  corresponding internode.  The sum of these products 
was divided by the sum of the doubles.  Each triple crossover (e.g. 
2,  4,  6)  was  treated as  two  consecutive doubles  (2,  4  and 4,  6)  and 
quadruple  crossovers  were  treated  as  three  consecutive  doubles. 
For the first set of subcultures there were 105  double crossovers and 
the  average  distance  between  the  consecutive  crossovers  was  20.8 
units of the special map.  For the second set of subcultures there were 
194  double  crossovers  and  the  average  of  the  internodes  was  23.2 
units.  The average internode length for each age period is  plotted 
in Fig.  3  (square coordinate points),  and a  smoothed curve is drawn 
(the upper heavy broken line with a  special scale just inside the left 
margin).  The  curve  of  average  internode  length  has  roughly  the 
shape of the letter M, and is generally the reciprocal of the other curves 
of Fig. 3, which are in terms of ease of formation of multiples.  The 
amount of space necessary for the formation of the average double 
crossover first increased to  a  maximum at  about  13  days,  then  de- 
creased to a  minimum at about 20 days, and thereafter underwent a 
second rise and fall.  The maxima and minima roughly correspond to 
the  points  of inflection of  the  W-shaped  curve of  change in  total 
recombination. 
SUMMARY. 
The four methods of examining the relation of amount of multiple 
crossing over to age of mothers agree in showing that the "internode 
length"  or  average  distance  required  for  double  crossing  over  has 
changed in a characteristic fashion, giving an M-shaped curve.  These 
changes have not been independent of changes in total recombination 
but concomitant with them.  However, the changes in recombination 700  CROSSING  OVER  IN"  DROSOPHILA  M:ELANOGASTER 
percentages were far greater than could be accounted for by change in 
internode length, and the larger factor must be assumed to be changes 
in the coefficients of crossing over.  The amounts of these changes are 
greatest  for  the  mid-sections  of  the  chromosome  and  least  for the 
distal  sections.  The  changes in the two limbs are of like amount for 
equal distances  from  the  center  of  symmetry  in  the  distribution  of 
simple and multiple crossing over. 
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